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ABSTRACT 
 
In this thesis, a new traction stress based method for characterizing shear strength is investigated by 
carrying out a series of shear strength tests. The AWS method for the calculation of shear strength shows 
significant discrepancies between longitudinal and transverse specimens. The main purpose of this new 
traction based definition for shear strength is to demonstrate that there exists a single shear strength value 
regardless of specimen geometry and loading conditions. With this new approach a better correlation 
between shear strength values for transverse and longitudinal specimens is achieved. Special issues occur 
with the multi-pass welds in regards to the failure angle. The AWS equation does not account to different 
failure angles of the specimens, it only assumes 45
o
 failure angle in all the cases, but the new approach 
takes into account the different failure angles. Finally with this method a quantitative weld sizing can be 
achieved for fillet welds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: shear strength, AWS, traction stress, transverse shear, longitudinal shear, multi-pass welds.
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I. INTRODUCTION 
 
Fillet welds are most commonly used in ship structures as well as in many engineering structures for 
transmitting loads from one part to another. In order to transmit the loads safely from one member to 
other the fillet weld to be sized adequately so that it does not fail along the weld metal like failure along  
the weld throat . The existing methods for sizing the fillet welds is based on simplified stress distribution 
based assumption. The methods used in naval vessels for sizing fillet welds generally gives conservative 
results since it equates the ultimate tensile strength of the weaker member of a connection to the 
longitudinal shear strength of the weld. Also the sizing used to be done based on the test data available 
and the previous experiences. The purpose of this paper is to determine shear strength for the fillet welds 
more accurately so that the weld will not be oversized as done in the conservative approach. 
As provided in AWS B4.0 the most commonly used test specimens for shear tests are referred to as 
transverse shear and longitudinal shear specimens. In our project we used these two standard specimens 
for our testing. 
 
 
Figure 1: AWS standard longitudinal fillet weld shear specimen (Before Machining) 
 
  Dimensions   
 in (mm) in (mm) in (mm) in (mm) 
Size of Weld S 1/8 (3) 1/4 (6) 3/8 (10) 1/2 (12) 
Thickness t 3/8 (10) 1/2 (12) 3/4 (19) 1 (25) 
Thickness T 3/8 (10) 3/4 (19) 1 (25) 1-1/4 (32) 
Width W 3 (75) 3 (75) 3 (75) 3-1/2 (89) 
 
 
P P 
2 
 
 
Notes:  
1. Slot machined through root of test fillet weld. 
2. Depth of machined notch shall extend through thickness of lap plate. 
Figure 2: AWS standard longitudinal fillet weld shear specimen (After machining) 
 
Figure 3: AWS standard transverse fillet weld shear specimen 
As shown in Figure 1 and Figure 2, in longitudinal fillet weld shear specimen the loading will be 
parallel to the fillet welds. And in case of transverse fillet weld shear specimen shown in Figure 3 the 
P P 
P P 
3 
 
loading will be perpendicular to the fillet weld. The total length of the fillet welds carrying the loads in 
longitudinal shear specimen is four times the individual weld length; while in transverse shear specimen 
is two times individual weld length. 
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II. SHEAR STRENGTH DEFINITIONS 
 
A. AWS SHEAR STRENGTH EQUATION 
 
The AWS shear strength equation is a function of failure load, weld throat and total length of the 
fillet welds carrying the load. The shear strength of the fillet welds can be calculated from the below 
equation if the failure load of the specimen i.e. the maximum value of P obtained from the testing of those 
specimens. The other parameters a, L can be known by the geometry of the specimen.  
                                   
 
    
                                  …………   (1) 
Where, 
a = weld throat depth at 45
o
 from the horizontal base plate, as described in Figure 4; 
L = total length of the fillet weld sheared; 
P = applied load; 
  = shear strength of the weld. 
 
(a) Convex throat                           (b) concave throat                   (c) unequal leg throat 
Figure 4: Theoretical weld throat 
 
The equation can be used with ease and it involves no complications. When interpreting the test data of 
standard shear specimens as described before there exist two issues.  
 
A1. Different failure angles 
 AWS equation assumes 45
o
 as the failure angle for both longitudinal and transverse 
shear specimens. However the test data did not show this. They break at different angles. The 
longitudinal shear specimens tend to break at an angle of 45
o
, and the transverse shear specimens 
tend to break at angle of 22.5
o
 on an average. 
 
θ = 45o θ = 45
o θ = 45o 
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Figure 5: Fracture angles for Transverse and Longitudinal specimens 
A2. Different shear strength values 
 The major issue of AWS equation is that the shear strength values of longitudinal shear 
specimens and transverse shear specimens show significant discrepancy. So, when we size the 
weld based on this data we size the weld based on the shear strength value less among the two. 
By doing this we may be oversizing the weld which is not a good design practice. If we can 
correlate the shear strength values between the longitudinal and transverse specimens we can get 
rid of this problem of oversizing. The bar charts provided below in Figure 6 , Figure 7 & Figure 8 
show the discrepancy in the shear strength values for steel, aluminum and titanium. The same 
discrepancy is found in all the materials with different leg sizes also. 
 
Figure 6: AWS equation: Steel - longitudinal shear strength vs. transverse shear strength  
 
TRANSVERSE SPECIMEN LONGITDUINAL SPECIMEN 
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Figure 7: AWS equation: Aluminum - longitudinal shear strength vs. transverse shear strength 
 
 
Figure 8: AWS equation: Titanium - longitudinal shear strength vs. transverse shear strength 
Note: The above data is based on the measurements of leg sizes after fracture. The detail procedure of the 
measurement will be explained in later part of this report. 
B. TRACTION STRESS METHOD & CALCULATION PROCEDURE 
 
As mentioned earlier, a stress definition is required in order to avoid the discrepancies in the 
failure paths and to correlate the shear strength values between longitudinal and transverse specimens to 
avoid oversizing of the welds. The traction stress method is based on the elementary structural mechanics 
theory. This method was first introduced for the evaluation of fatigue life for welded components. This 
method results a very good correlation of fatigue data for a large number of welded components of 
different joint types and different loading conditions. This existing nodal force based traction stress 
method is extended for the correlation of static shear strengths. The justifications for the use of this nodal 
force based traction stress method based on elastic finite element analysis are as follows. 
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 This method divides the through-thickness structural stresses in the form of membrane and 
bending along any hypothetical cut. This offer a direction comparison with the simple stress 
definition given in AWS equation if a cut plane is chosen to coincide with 45
o
 failure angle or 
22.5
o
 
 This method is based on nodal force method, which is equilibrium based and therefore it offers a 
significant degree of mesh type and mesh size insensitivity. This mesh insensitive property will 
be demonstrated in the later part of this report. 
 Finally, as demonstrated by Dong and Hong[1], if plastic deformation becomes significant the 
membrane part of the traction stress components becomes dominant. Therefore, we can just use 
the membrane part to approximate the actual value along any given cut for elastic analysis when 
elastic plastic material property is considered. 
 
 TRACTION STRESS CALCULATION PROCEDURE 
 
When a hypothetical cut is made along any plane as shown in Figure 9,  there exists three traction 
stress components namely longitudinal shear (  ), transverse shear (  ), and normal stresses ( ) 
respectively. All the three components exist in case of complex loading conditions and may exhibit 
complex distributions along the cut plane. 
The three traction stress components shown in Figure 9 with respect local coordinate system (x’y’z’) 
can be calculated by the following equations. 
                                  
''
2
' '
2
'
6
6
yx
L Lm Lb
y x
m b
z
T Tm
mf
a a
f m
a a
f
a
 
 

  
  
 
   
   
 
                  …………   (2) 
Where,  
'xf , 'y
f
, 'z
f
 are line forces with respect to the local coordinate system 
'xm , 'y
m
 are line moments with respect to the local coordinate system.  
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Figure 9: Traction stresses along a hypothetical cut along weld throat plane at angle θ 
The line forces and line moments can be calculated using the following steps. 
Step-1: Create a model using shell or plate elements and perform FEA using any analysis software. For 
this project we used ABAQUS CAE. The complete model looks like as shown in the following figure. 
But for finite element analysis a 1/8 model is to be modeled and apply symmetry boundary conditions. 
 
 
Figure 10: Longitudinal specimen full 3D model 
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Figure 11: Longitudinal specimen 1/8 3D FEA model 
Step-2: Extract the nodal forces and nodal moments of the elements along the hypothetical cut line. The 
nodal forces and nodal moments obtained from ABAQUS are based on the global coordinate system. 
 
Figure 12: Elements selected along the hypothetical cut line 
 Step-3: Convert the nodal forces and nodal moments from global coordinate system to local coordinate 
system. 
Step-4: The line forces and line moments can be calculated from the nodal forces / nodal moments by the 
following equations, 
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1 1 2
2 2 1
2
(2 )
2
(2 )
f F F
L
f F F
L
 
 
 
Line forces and line moments along the entire weld line can be solved by solving a system of linear 
equations relating the nodal forces / nodal moments in the y’ direction to the nodal line forces/ line 
moments, 
 
1 1
1 1 2 2
1 1
2 2
2 3 32
3 3
2 1 1
1 1
0 0 0
3 6
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0 0
6 3 6
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The above system of linear equations is for open weld, linear shell or plate elements. A weld is called 
open weld if the weld start node and weld end node are not same. In our project we have only open weld, 
we don’t have any closed welds. But in many engineering structures we come across closed welds which 
are out of scope of this paper.  
For open weld parabolic elements, the corresponding system of linear equations is as below. 
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  
  
  
  
    
 
 
 
 
 
 
 
Where, 
n = total number of nodes. 
li (i=1,2,…….n-1)  = edge length of the ith  element situated on the weld line. 
F1, F2,…, Fn = nodal forces in the y’ direction. 
f1, f2,…, fn = line forces in the y’ direction. 
M1, M2,…, Mn = nodal moments in the y’ direction. 
m1, m2,…, mn = line moments in the y’ direction. 
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To apply the above equations with 3D solid elemtn model, nodal forces is first mapped onto the 
plane’s mid-depth or surface using the following steps. 
a. Translate the nodal forces to the mid-depth or surface of a cut plane at a given angle. 
b. Calculate the resultant forces and moments with respect to the mid-depth. 
 
 
Figure 13: Transformation of nodal forces to mid-depth for 3D model 
c. Substitute these forces and moments in the system of equations shown above and solve 
them to get the line forces and moments. 
Step-5: Once the line forces and moments are calculated using the equations given in step-4, the traction 
stress components are calculated using equations (2).  
C. UNO SHEAR STRENGTH EQUATIONS 
 
To overcome the inconsistencies of shear strength values from AWS equation, UNO shear strength 
equations are proposed based on the traction stress definition and calculation procedure explained before. 
We need an effective stress parameter that can be validated by its ability to correlate data for both types of 
shear tests i.e. using longitudinal and transverse shear specimens. Various effective stress components 
may be introduced in terms of the traction stress components given in equations (2).Among them some of 
the effective stress expressions are, 
                                                     √  
    
                                               …………   (3) 
                                                      √  
     
                                                …………   (4) 
                                                                                                                 …………   (5) 
The above three effective stress definitions are compared for the correlation of the data by Chunge Nie 
and Pingsha Dong 
[1]
 and justified that with the definition in equation (5) a good correlation between the 
transverse and longitudinal shear test data is evident. 
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C1. UNO – LONGITUDINAL SHEAR STRENGTH EQUATION 
As mentioned earlier the longitudinal shear specimens break at an angle of 45
o
. This failure occurs at 
the weld end. This is because shear stress is not uniform throughout the weld length, it is more 
concentrated at the weld end. To capture this stress concentration effect at weld end a term called SCF 
(Stress concentration factor) is used and it can be calculated as below. 
                               max
'
( )
SCF
P
a L



                            …………   (6) 
Where, 
 max

 = the maximum stress value along the weld line. 
   P’    = theoretical load applied in the finite element model.  
  a     = theoretical weld throat dimension  
   L = length of the fillet weld sheared. 
 
For the calculation of SCF, the detailed steps as explained in chapter B of this paper are to be followed 
and the shear stress is calculated along the weld line at all the nodes. Virtual node method is applied for 
the calculation of the shear stress along the weld line. This is because a single point at the weld end would 
not be sufficient to achieve the final failure, while a certain crack length should be responsible for that. 
Therefore, SCF value of the only last point at the weld end would be too large for the real situation and an 
averaged SCF number within the crack length was calculated to use. The crack length used in our 
calculation was equal to the weld throat depth, which was obtained based on the fatigue analysis 
procedure. 
Also,we used a 3D model for FEA in this project, so corresponding transformations to mid-depth 
as explained in chapter B1 to be followed. Once we obtain the shear stress distribution along the weld line 
at 45
o 
angle  (since for the longitudinal specimens the failure occurs at 45
o
 angle as stated before and also 
documented by Chunge Nie and Pingsha Dong 
[1]
 ) the maximum value of the shear stress is taken and 
plugged into the equation (6) shown above. 
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Figure 14 : Weld line direction 
 
 
Figure 15: Shear stress distribution along weld line at angles 0, 45 & 90 degrees 
The SCF is calculated for different plate thickness and weld sizes and an equation is obtained for the plot. 
The corresponding equation for each thickness will be used for finding out the SCF values for the 
measured leg sizes. In the below plot “s” is the leg size and “T” is the thickness of the plate. 
Weld line direction 
Failure angle 45o 
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Figure 16: SCF equations for longitudinal specimens for different s/T ratios 
Finally the UNO shear strength equation for calculation of shear strength which includes the stress 
concentration effect is, 
                                                              u
uL
SCF P
a L




                             …………   (7) 
Where, 
uP   Ultimate breaking load obtained from test, kip 
L   Total length of fillet welds sheared, inch  
a   Theoretical weld throat dimension, inches 
SCF   Stress concentration factor acting at weld end.  
 
The ultimate breaking load is obtained by testing the specimens. Total length of the fillet welds sheared 
and weld throat are obtained from the geometry of the specimen. 
C2. UNO – TRANSVERSE SHEAR STRENGTH EQUATION 
The same calculation procedure as described before in the longitudinal case can be used to calculate 
the transverse shear strength of the weld. In case of transverse specimen a plane strain model is used. The 
angle of failure in case of transverse specimen is 22.5
o
. 
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Figure 17: Transverse specimen full 3D model 
 
 
 
Figure 18: Transverse specimen plane strain finite element model 
Apart from the finite element method an analytical solution can be derived in a close form for the 
transverse shear specimen geometry. 
Consider a fillet weld with equal leg size (s=h, α = 45o) as shown in the Figure 19 and general set of 
forces acting on a free body are also shown in the Figure 19. 
X symmetrical axis 
Y symmetrical axis 
Z symmetrical axis 
Z- Symmetry 
X- Symmetry 
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Figure 19: Force system-Transverse shear condition 
  
 
From the above figure, considering the triangle ABC we get, 
 Weld throat a can be written as, 
  
    
 
 
        (   ) 
 
   
      
    (   )
 
For α = 45o                               
                                                                                 
 
         
                                          ( ) 
For   = 45o                               
                                                                                 
 
√ 
                                                            ( ) 
Applying force equilibrium from the force diagram, 
∑     (        )    ( )                                                             (  ) 
∑     (       )    (    )                                                             (  ) 
From equations (10) and (11) we get, 
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(        )    ( )     
    
    
                   
Simplifying the above equation we get, 
                                                                     
      
    
                                                     (  ) 
                                                                     
      
    
                                                     (  ) 
From equations (8), (9),(12) and (13) we get the required form 
                                                                     
  
   
 
     (         )
√ 
                                    (  ) 
                                                                     
  
   
 
     (         )
√ 
                                    (  ) 
Where, 
P   applied load, kip 
a   theoretical weld throat depth at failure angle 45°, inch 
L   Total fillet weld length sheared, inch 
   Actual failure angle, radians 
Taking the derivative of equation (15) and equating it to zero to find out the angle at which maximum 
transverse shear stress occurs. 
   
  
 
 
  
[
  
   
 
     (         )
√ 
]    
  
          [
  
   
 
(      (     )              
√ 
]    
         [
  
   
 
           
√ 
]    
                       
                 
So the above helps us to prove mathematically that the maximum shear stress occurs at 22.5
o
 and the 
failure of the transverse shear specimens occur in this plane. The same result can be seen by us in the 
tested specimens at university of New Orleans. 
Substituting the value of   in equation (15) we get the final equation for the shear strength of the 
transverse specimen as, 
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                                     (  ) 
Using UNO equations the correlation of shear strength between longitudinal and transverse shear 
specimens improves when compared to the AWS equation. 
 
D. COMPARISION OF CORRELATION BETWEEN AWS EQUATION & UNO 
EQUATIONS 
Now the difference in the shear strength value of longitudinal and transverse shear specimens is compared 
between AWS equation and UNO equation. As you see from the following bar charts, the correlation very 
much improved in all the materials. The same trend is seen for different leg sizes and different materials. 
Only a few are demonstrated below to support the argument. 
 
Figure 20: Steel - Comparison of correlation between AWS equation & UNO equations 
 
 
Figure 21: Aluminum - Comparison of correlation between AWS equation & UNO equations 
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Figure 22: Titanium - Comparison of correlation between AWS equation & UNO equations 
 
E. MESH INSENSITIVITY PROPERTY OF TRACTION STRESS METHOD 
 
The traction stress method involves input from finite element analysis. The role of FEM was already 
explained in the procedure of calculation of SCF before. As we know the FEM is a mesh sensitive method 
and it greatly depends on the mesh size. In general, the smaller the mesh the better the results are.  
The most important property of traction stress method is its mesh insensitive property. It barely 
depends on element type and mesh size. The results do not vary much even if you use finer mesh or 
coarse mesh. To demonstrate this example of longitudinal specimen analysis is taken and shear stress is 
calculated with different element type and different mesh size. The different mesh patters used for 
demonstration are shown in the following figure. 
 
 
 
 
Mesh-1 
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Figure 23: Different mesh patterns 
The normalized shear stress is calculated for all the different mesh patterns shown above using different 
element types. As we seen from the bar charts below, the shear stress barely changed with the change of 
mesh pattern or element type. 
 
 
Figure 24: Mesh insensitivity demonstration- Shear stress using different element type 
Mesh-3 
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Figure 25: Mesh insensitivity demonstration- Shear stress using different mesh sizes 
 
 
 
Figure 26: Mesh insensitivity demonstration - Summary plot 
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III. TESTING APPROACH 
 
Specimens received for this project are tested using MTS machine at University of New Orleans. 
To make the testing procedure smooth and standard we follow three major steps. (a) Labeling, picture 
documentation and pre-test measurements. (b)Testing of specimens. (c) After test measurements and 
data processing. 
A. LABELING, PICTURE DOCUMENTATION AND PRE-TEST MEASUREMENTS 
The specimens received from the shipyard are grouped into different groups based on 
longitudinal or transverse, type of material, type of weld process and sizes. Each specimen and 
each weld is labeled individually. Photographs are taken for each specimen for documentation. 
Any visible defects in the weld, distortion in the base plate or lap plate are identified in this stage. 
The typical specimen matrix and picture samples are shown in the following figures. 
 
 
 
 
 
A1 A2 A3 A4
Individual 
Markings
Plate ID Test Type Material Process
Lap Plate 
Thickness "T", 
in
Base Plate 
Thickness 
"2T", in
Target Weld 
Leg Size "s", 
in
Weld 
Passes
    A1, A2, A3, A4 501 3/16 3/8 1/8 N/A
  N/A N/A A1, A2 502 3/8 3/4 1/4 N/A
    A1, A2, A3, A4 503 3/16 3/8 1/8 N/A
  N/A N/A A1, A2 504 3/8 3/4 1/4 N/A
UNO Aluminum Shear Test Matrix
Longitudinal
Transverse
AL 6082
GMAW 4943 
Electrode
A1 A2 A3 A4
Individual 
Markings
Plate ID Test Type Material Process
Lap Plate 
Thickness "T", 
in
Base Plate 
Thickness 
"2T", in
Target Weld 
Leg Size "s", 
in
Weld 
Passes
   N/A A1, A2, A3 205 1/4 2
   N/A A1, A2, A3 206 5/16 2
   N/A A1, A2, A3 207 3/8 3
   N/A A1, A2, A3 208 1/4 2
   N/A A1, A2, A3 209 5/16 2
   N/A A1, A2, A3 210 3/8 3
   N/A A1, A2, A3 211 1/4 2
   N/A A1, A2, A3 212 5/16 2
   N/A A1, A2, A3 213 3/8 3
   N/A A1, A2, A3 214 1/4 2
   N/A A1, A2, A3 215 5/16 2
   N/A A1, A2, A3 216 3/8 3
1/2
1
1Transverse
DH36
HSLA-80
DH36
HSLA-80
FCAW 71T1-C 
Electrode, 
Automated 
FCAW 101T-C 
Electrode, 
Automated 
FCAW 71T1-C 
Electrode, 
Automated 
FCAW 101T-C 
Electrode, 
Automated 
UNO Steel Shear Test Matrix for Multi-Pass Welds
Longitudinal 1/2
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Table 1: Shear test specimen matrix for Phase II of NSRP Over welding project 
 
Figure 27: Longitudinal specimen photograph showing labeling details 
 
 
Figure 28: Transverse specimen photograph showing labeling details 
A1 A2 A3 A4
Individual 
Markings
Plate ID Test Type Material Process
Lap Plate 
Thickness "T", 
in
Base Plate 
Thickness 
"2T", in
Target Weld 
Leg Size "s", 
in
Weld 
Passes
   N/A A1, A2, A3 220 1/8 N/A
   N/A A1, A2, A3 221 3/16 N/A
   N/A A1, A2, A3 222 1/8 N/A
   N/A A1, A2, A3 223 3/16 N/A
   N/A A1, A2, A3 224 1/8 N/A
   N/A A1, A2, A3 225 3/16 N/A
   N/A A1, A2, A3 226 1/8 N/A
   N/A A1, A2, A3 227 3/16 N/A
   N/A A1, A2, A3 228 1/8 N/A
   N/A A1, A2, A3 229 3/16 N/A
   N/A A1, A2, A3 230 1/8 N/A
   N/A A1, A2, A3 231 3/16 N/A
FCAW 101T-C 
Electrode, 
Automated 
for test 
specimen
1/2
1/2
1
1
FCAW 71T1-C 
Electrode, 
Automated 
for test 
specimen3L Shear
1L Shear
2L Shear
3L Shear
DH36
HSLA-80
1L Shear
2L Shear
UNO Steel Shear Test Matrix for Weld End Effects
Specimen ID  
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Once the labeling and picture documentation is done we move onto pre-test measurements. These 
measurements include measuring of weld lengths and weld leg sizes. The weld length is measured using a 
digital caliper and the weld leg size is measured using Wiki-scan. 
 
  
Figure 29: Measurement of weld length (Transverse Specimen) using vernier calipers 
 
 
 
Figure 30 : Measurement of weld leg size using wiki-scan 
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1. LEG SIZE VARIATION 
 
 Since welding process involve manual work the target leg size and actual leg size will have some 
deviation. The small difference in the leg size may not effect an engineering calculation but since we are 
doing a research to correlate the shear strength of the weld we need to have the actual details of the weld 
in order to correlate things better. The wiki-scan is used to measure the actual leg size of the weld. 
 
Figure 31: Longitudinal Specimens- Target leg size vs. wikiscan leg size 
 
Figure 32: Longitudinal Specimens- Target leg size vs. wikiscan leg size 
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2. EFFECTIVE WELD SIZE DEFINITION 
The shape of the cross section of fillet weld can be convex or concave. The fillet weld has 
five pieces namely leg, root, face, toe and throat. The below figure shows all the pieces for a convex 
fillet weld. 
 
Figure 33: Parts of the fillet weld 
a. CONVEX CROSS-SECTION:  
For a convex cross section, the leg size is measured from the weld root to the weld toe position. 
The weld throat is measured from the weld root to the point where the diagonal intersects the line joining 
the weld toes. 
 
Figure 34: Convex cross section effective leg size definition 
 
Weld throat 
Leg size 
1. Leg 
2. Root 
3. Face 
4. Toe 
5. Throat 
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b. CONCAVE CROSS-SECTION:  
For the concave cross section, the leg size is measured from the weld root to the points where the 
tangent to the inner curvature of weld face intersects with each connected plate. The weld throat is 
measured from the weld root along the diagonal to the line described before. 
 
 
Figure 35: Concave cross section effective leg size definition 
 
c. MULTI-PASS WELDS:  
In case of multi-pass welds, the shape of the weld is neither convex nor concave. The weld size definition 
can be described as shown in the below figure. 
 
 
 
 
 
 
 
Figure 36: Multi-pass weld - Leg size, throat definition 
B. TESTING OF SPECIMENS 
After all pre-test measurements and documentation is done, we now proceed to testing of the 
specimens on the machine. The longitudinal/ transverse shear specimen is put in the machine where the 
Weld throat 
Leg size 
Leg size 
Weld throat 
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load is applied parallel to the axis of the specimen. The load- displacement curve is obtained from the test. 
After the specimen is broken completely, ultimate breaking load is taken from the data. 
 
Figure 37: MTS machine used for shear testing 
 
Figure 38: Computer interface for MTS machine 
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Figure 39: Typical load displacement curves 
 
C. AFTER TEST PICTURE DOCUMENTAION, MEASUREMENTS AND DATA 
PROCESSING 
 
The ultimate breaking load is obtained from the load displacement curve recorded during testing 
process. Then we proceed to the analysis. The analysis procedure for both longitudinal and transverse 
specimens is already explained in Chapter III (B) & (C). 
The broken specimen is taken out from the machine and pictures are taken for the broken weld 
and documented.  
Then we proceed to after fracture measurements. As mentioned earlier, the leg size of the 
specimens are measured by Wiki-scan before they are tested. However Wiki-scan measurement was 
based on the assumption that welds has no defects. But practically there might be some defects in the 
weld. Therefore it is necessary to measure the leg sizes after the weld is broken which takes care of the 
defects like lack of fusion etc. in the weld, and thus gives us more accurate results. The procedure for 
measuring after fracture leg sizes is explained below. 
Step-1: First we measure after fracture horizontal leg size (say LH1) 
Step-2: We have the data of horizontal leg size and vertical leg size from wiki-scan (say LH2, LV2). 
Using similar triangle relationship we find out LV1 i.e. by the following equation, 
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                                                    (  ) 
  
 
Figure 40: After fracture leg size measurement 
The variation in leg sizes between nominal, wiki-scan and after fracture for different specimens is shown 
in the bar chart below. 
 
Figure 41: Longitudinal specimens Leg size- Target vs. Wiki-scan vs. after fracture 
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Figure 42: Transverse specimens Leg size- Target vs. Wiki-scan vs. after fracture 
In case of multi-pass weld specimens we measure after fracture angle and crack length for the analysis. 
As already explained for single pass welds we use throat depth as crack length, but in case of multi-pass 
welds the crack length is measured from the broken specimen as that can be clearly seen in the broken 
specimen. Regarding the different failure angle for multi-pass welds it will explained in the later part of 
this report. Wiki-scan is used to measure after fracture failure angle. 
 
Figure 43: After fracture crack length and failure angle for multi-pass welds 
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IV. RESULTS & DISCUSSIONS 
 
A. SHEAR STRENGTH COORELATION SUPPORTING DATA 
As explained before in Chapter II Section D, UNO equations show good correlation between longitudinal 
and transverse shear strength when compared to AWS equation. A lot of data on steel specimens was 
presented by Hanqing Lu[6] in his project report which will not be presented here. In phase II of our 
project we have some more aluminum longitudinal and transverse specimens tested with different 
materials which were not tested in Phase I. The shear strength correlations are shown in the bar charts 
below. 
DETAILS OF SPECIMENS 
 Specimen Material  : AL 6082 
Weld wire        : 4943 
Plate thickness         : 3/8 “ 
Leg Sizes        : 1/8” & 1/4” 
 
Figure 44: Shear Strength Correlation - AL 6082 with weld wire 4943, leg size ¼” 
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Figure 45: Shear Strength Correlation - AL 6082 with weld wire 4943, leg size 1/8” 
DETAILS OF SPECIMENS 
 Specimen Material   : DH36 
Weld wire        : ESAB 7018 
Leg Sizes       : 1/4” & 3/8” 
 
 
Figure 46: Shear Strength Correlation – Steel DH36 with weld wire ESAB 7018, leg size ¼” 
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Figure 47: Shear Strength Correlation – Steel DH36 with weld wire ESAB 7018, leg size 3/8” 
 
DETAILS OF SPECIMENS 
 Specimen Material   : DH36 
Weld wire        : HOBART 7018 
Leg Sizes       : 1/4” & 3/8” 
 
Figure 48: Shear Strength Correlation – Steel DH36 with weld wire HOBART 7018, leg size 1/4” 
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Figure 49: Shear Strength Correlation – Steel DH36 with weld wire HOBART 7018, leg size 3/8” 
DETAILS OF SPECIMENS 
 Specimen Material  : AL 5083 
Weld wire        : 5183 
Plate thickness         : 1/2 “ 
Leg Sizes        : 1/4” & 3/8” 
 
Figure 50: Shear Strength Correlation – AL 5083 with weld wire 5183, leg size 1/4” 
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Figure 51: Shear Strength Correlation – AL 5083 with weld wire 5183, leg size 3/8” 
As we see the from the bar chats above the correlation is good for different leg sizes and different 
materials tested. The UNO equations show good correlation in all the cases whether the leg size is 
nominal or wiki scan or after fracture. This data adds more to the argument that UNO equations 
correlate better than AWS equation. 
B. SPECIAL ISSUES WITH MULTI-PASS WELDS 
B1. WHY MULTI-PASS WELDS 
 
In shipyard applications, multi-pass welds are very common. Multi-pass can be 2 passes, 3 
passes and even more.  In joining thicker plates together they use multi-pass welding instead of single 
pass weld. Multi-pass welds have many advantages over single pass welds. More strength can be 
achieved when depositing larger leg size welds. 
The major advantage in multi-pass welds is we require less heat input than single pass weld of 
same leg size because we deposit smaller welds one after the other. Generally, when two plates are 
joined by the weld due to temperature gradient between the top surface and bottom surface the plate 
configuration suffers shrinkage and angular distortion. This can be explained by 3-bar model of 
Dr.Pingsha Dong which is out of scope of this paper. The amount of shrinkage mainly depends on the 
plastic zone created due the heat input during welding. The plastic zone is more in single pass welds 
than in multi-pass welds. The following figure shows you the definitions for shrinkage and angular 
distortion. 
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Figure 52: Shrinkage and angular distortion during welding 
 
 
Figure 53: Plastic zone sizes for different leg sizes 
Angular distortion 
Weld metal 
Plates  
Shrinkage 
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Figure 54: Plastic zone comparison for single pass and multi-pass welds 
Figure 52 & Figure 54 are taken from ship production handouts given by Dr.Pingsha Dong 
[7] 
to 
support our argument stated in above paragraph. We know larger leg size requires more heat input when 
compared to smaller leg size of same type of weld. As we see in Figure 53, a FEM simulation shows that 
7mm leg size has wider plastic zone width than 5mm leg size which means higher heat input more plastic 
zone. The same argument can be extended to single pass and multi-pass welds, in which one has lesser 
heat input and the other has higher heat input. Figure 54 demonstrates the plastic zone width in both 
single pass and multi-pass. In conclusion we can say that multi pass cause less distortion and shrinkage 
adding advantage in engineering applications. However on other hand proper clamping of plates before 
welding reduces distortion. 
 
  
Figure 55: Shrinkage and Angular distortion for single and multi-pass welds 
 
wp =  plastic zone width 
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B2. FAILURE ANGLES FOR MULTIPASS WELDS 
As discussed and validated by testing, failure angle for single pass transverse specimen is 22.5
o
 and for 
longitudinal specimen is 45
o
. But this is not the same with the multi-pass welds. In multi-pass welds the 
change in geometry of the weld i.e. the intersection point of the welds at weld end trigger stress 
concentration effect and starts breaking from the that point. In case of longitudinal specimens the crack 
continues in the same angle till the elastic regime and then takes the ideal path of failure i.e. 45
o
. In case 
of transverse specimen the crack triggers at the intersection and continues the same angle throughout the 
weld length. Since the stress distribution is uniform in transverse type, this might be the reason why it 
continues the same angle as of the intersection of welds. 
 
 
Figure 56: Longitudinal specimen - Multi-pass (2 Pass) weld fracture path-1 
 
Cross section view of the weld 
Overlapped point 
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Figure 57: Longitudinal specimen multi-pass (2-pass) weld overlapped line 
 
Figure 58: Longitudinal specimen - Multi-pass (2 Pass) weld fracture path-1 
 
As we see in Figure 58, in the longitudinal specimens the crack intimated at the weld end at the angle of 
weld intersection and then crack propagated at around 45
o
 angle. 
 
 
Before fracture: Overlapped line 
can be clearly seen on the weld. 
Specimen: 205-A1 
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Figure 59: Transverse specimen- Multi-pass (2 Pass) weld fracture path 
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Figure 60: Transverse specimen multi-pass weld cross-sections 
As we see in Figure 59Figure 60: Transverse specimen multi-pass weld cross-sections, in the transverse 
specimens the crack intimated at the weld end at the angle of weld intersection. 
 
B3.  MULTI-PASS WELDS SHEAR STRENGTH RESULTS 
A total of 36 specimens of multi-pass welds including both longitudinal and transverse specimens were 
tested during phase-II of NSRP over welding project. We used both ideal crack length, fracture angle and 
after fracture crack length and after fracture failure angle for the analysis. The actual crack length used 
for the calculations is the average of all the crack lengths measured for each specimen. For the actual 
failure angle, specimens shear strength is calculated with the specific measured failure angle for that 
specimen. 
  UNO equations have the parameter to work with different angles of failure as you see in the 
equations for longitudinal and transverse shear strength, but AWS equation does not have it. The 
correlations are shown below.  
Specimen ID:  215-A3 
Specimen ID:  216-A3 
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Figure 61: Shear strength - Multi-pass ideal vs. actual & UNO vs. AWS 
Figure 61 shows the shear strength values for Steel DH36 specimen, FCAW weld process and 71T1-C 
electrode. As we see from the figure correlation between longitudinal and transverse is good with UNO 
equations in both the cases when compared to AWS equations. But, however the shear strength values 
calculated using actual failure angle and actual crack length will be more realistic than ideal case. So the 
results shown here are calculated using actual values. 
DETAILS OF SPECIMENS 
 Specimen Material  : DH36 
Weld wire        : 71T1-C 
Plate thickness         : 1/2 “ 
Leg Sizes        : 1/4” (2-pass); 5/16” (2-pass) & 3/8” (3-pass) 
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Figure 62: Shear strength correlation-Multi-pass (2pass) - DH36/FCAW/71T1-C – s=1/4”; T=1/2” 
 
 
 
Figure 63: Shear strength correlation-Multi-pass (2pass) - DH36/FCAW/71T1-C – s=5/16”; T=1/2” 
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Figure 64: Shear strength correlation-Multi-pass (3pass) - DH36/FCAW/71T1-C – s=3/8”; T=1/2” 
DETAILS OF SPECIMENS 
 Specimen Material  : HSLA-80 
Weld wire        : 101T-C 
Plate thickness         : 1/2 “ 
Leg Sizes        : 1/4” (2-pass); 5/16” (2-pass) & 3/8” (3-pass) 
 
 
Figure 65: Shear strength correlation-Multi-pass (2pass) – HSLA-80/FCAW/101T-C – s=1/4”; T=1/2” 
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Figure 66: Shear strength correlation-Multi-pass (2pass) – HSLA-80/FCAW/101T-C – s=5/16”; T=1/2” 
 
 
Figure 67: Shear strength correlation-Multi-pass (3pass) – HSLA-80/FCAW/101T-C – s=3/8”; T=1/2” 
 
From the above bar charts it is clearly seen in all the cases for different materials and leg sizes the 
UNO equations show better correlation than the AWS equation. So for even for the multi-pass welds the 
UNO equations shows better correlation and the shear strength shown depicts the realistic shear strength 
because we have considered the actual failure angle and actual crack length in our calculations. 
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C. COMPARISION OF SHEAR STRENGTHS BETWEEN SINGLE PASS WELDS AND 
MULTI-PASS WELDS 
In the previous section we showed that the UNO equations show better correlation between the 
longitudinal and transverse shear specimens when compared to the AWS equation for both single pass 
and multi-pass welds. Now a comparison of UNO shear strength is made between single pass welds and 
multi- pass welds of same material and geometrical configuration to know which one will have higher 
shear strength than the other. As already explained the transverse specimen has uniform stress distribution 
along the weld line. So we used transverse specimen data to compare with. The same comparison can also 
be made with the longitudinal specimens either. 
 
 
Figure 68: Single pass vs. Multi-pass welds - Transverse Specimen (DH36/FCAW/71T1-C) 
 
 
Figure 69: Single pass vs. Multi-pass welds - Transverse Specimen (HSLA-80/FCAW/101TT-C) 
Figure 68 & Figure 69 show the comparison between single pass and multi pass welds for 
DH36/FCAW/71T1-C and HSLA-80/FCAW/101T-C. As we see in both the materials the shear strength 
for the multi pass welds show lower value than compared to the single pass welds. The possible reason 
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for this significant decrease in value is because the change in geometry in the weld in multi-pass triggers 
the stress concentration effect which is higher than compared to stress concentration at the weld end. 
 
D. COMPARISION OF SHEAR STRENGTHS BETWEEN DIFFERENT LEG SIZES 
Now we compare the shear strength of the specimens with same specimen type, same weld process, same 
material, same weld metal but different leg sizes. 
 
 
 
Figure 70: Steel DH36 (FCAW) Longitudinal - Shear strength vs. leg sizes 
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Figure 71: Steel HSLA-80 (FCAW) Longitudinal - Shear strength vs. leg sizes 
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Figure 72: Steel DH36 (FCAW) Transverse - Shear strength vs. leg sizes 
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Figure 73: Steel HSLA-80 (FCAW) Transverse - Shear strength vs. leg sizes 
As we observe from Figure 70, Figure 71, Figure 72 & Figure 73 using the UNO equation the lower leg 
size shows higher shear strength when compared to the larger leg size of the same group. Since we are 
using after fracture measurements the weld defects are already taken care of in the shear strength values. 
So one of the reason for this variation of shear strengths may be due to hardening effect. Smaller leg sizes 
need lesser heat input whereas larger leg sizes need more heat input. Since heat input is higher in large leg 
sizes, it cools down slowly and makes the metal softer and hence making them easier to break. 
 So to know more about the hardening effect we took samples from the broken specimen and 
conducted hardening test. 
 
Figure 74: Sample taken from broken transverse specimen 
BROKEN TRANSVERSE SPECIMEN 
SAMPLES TAKEN OUT FROM THE 
SPECIMEN 
LOCATION OF SAMPLE TAKEN 
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Figure 75: Sample taken from broken longitudinal specimen 
 
 
Figure 76: Hardness test sample 
BROKEN LONGITUDINAL SPECIMEN 
SAMPLE TAKEN OUT FROM THE SPECIMEN 
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The hardness test is done along the lines A and B as shown in the Figure 76. The hardness tests are done 
for steel DH36 of 1/8” (smallest) , 3/8”(largest) leg sizes and for steel HSLA-80 of 1/8” (smallest) , 
3/8”(largest) leg sizes for both longitudinal and transverse specimen samples. 
 
Figure 77: Hardness result for steel DH36 1/8" leg size 
 
Figure 78: Hardness result for steel DH36 3/8" leg size 
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Figure 79: Hardness result for steel DH36 1/8” vs. 3/8" leg size 
The hardness number is calculated by taking average all the hardness values in the weld material in both 
section-A and section-B. Figure 77 & Figure 78 shows the hardness numbers in the weld area used for 
calculating hardness number of weld metal. In the same way, the hardness numbers are calculated for 
DH36, HSLA-80 (longitudinal and transverse) and summarized in Table 2. 
SUMMARY OF HARDNESS TEST RESULTS 
Material Test Type Leg Size Hardness Number Difference 
DH36 
Longitudinal 
1/8" 329.15 
75.67 
3/8" 253.48 
Transverse 
1/8" 328.83 
60.42 
3/8" 268.41 
HSLA-80 
Longitudinal 
1/8" 315.70 
71.51 
3/8" 244.19 
Transverse 
1/8" 333.29 
71.73 
3/8" 261.56 
 
Table 2: Summary of Hardness test results 
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Figure 80: Comparison of hardness number for different materials, leg sizes 
From the hardness test results we see that lower leg size has higher hardness number when 
compared to the larger leg size as expected. The same trend is observed for both DH36 and HSLA-80. So 
this could be the reason why the specimens with lower leg size have higher shear strength when compared 
to the specimens with larger leg size. The correlation between the shear strengths can be improved if the 
hardness effect is added to our UNO equations. But as of now our equations do not take care of hardness 
effect. Also the stress concentration effect due to weld geometry change for multi-pass is not taken care of 
by the equations.  These may be done in future research projects. 
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V. CONCLUSIONS 
 
In this paper a nodal force based, mesh insensitive new traction stress based definition for weld shear 
strength is discussed. The detailed procedure for testing and analysis for shear strength calculation were 
discussed in detail. The same definition is used for both single pass welds and multi pass welds to 
correlate the shear strength data. After analyzing lot of test data based on this definition the following 
findings are worth noting. 
 The discrepancy found between longitudinal and transverse specimens with AWS equations no 
longer exits with the new UNO equations. 
 With new traction shear stress definition, fillet weld shear strength is no longer dependent on 
specimen type like longitudinal or transverse. So based on this a general weld sizing criteria can 
be developed irrespective of loading direction. Previously with AWS equation if we want to 
develop a general weld sizing criteria we have should take the minimum weld shear strength 
value out of both longitudinal and transverse data to be on the safer side as the loading conditions 
will be complex in many engineering applications. In that case we are oversizing the welding 
because of this conservative approach. This problem does not exist now because of good 
correlation achieved with UNO equations. 
 As we see from the multi pass weld data, the specimen breaks at the intersection of the welds. 
The throat definition for multi pass welds is no longer at an angle of 45
0
 as in case of single pass 
welds. It is the minimum throat available based on the curvature of the weld as explained in this 
paper. So for the case of multi pass welds the most important parameter to work is the weld throat 
and that is to be measured at the intersection of the weld but not at an angle of 45
0
. 
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